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ABSTRACT 


Tests conducted last year at the United States Naval 
Postgraduate School, Monterey, California, resulted in an 
evaluation of the effect of two stress-raising discontinuities 
acting at a common point for the case of torsion. This paper 
represents an effort to further the investigation of the super- 
position of two stress raisers; in particular, for the ease of 


reversed bending. 


The discontinuities consisted of a radial hole and a 
course machined surface. The results, usi>g AISI 4540 steel 
of a nominal tensile strength of 200 ksi are presented. The 
data were correlated and compered with those of two other in- 
vestigators, and is presented in tabular as well as graphical 
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1. INTRODUCTION 

Many years have passed since the effect of stress concentra- 
tions upon the endurance strength of materials has been recog- 
nized and incorporated into the design of machine parts. So 
much data have been accumulated and evaluated that it is possible 
to find a chart or at least a particular reference which will 
assist in predicting reasonably well the reduction in endurance 
strenzth caused by a particulsr discontinuity. However, if a 
machine member in service is to be subjected to the simultaneous 
action of two stress raisers, then the designer is feced with a 
decision without experimental evidence, as the literature is 
almost barren of information per'aining to this cumulative effect. 

MacGregor fa] * in 1936 cited an instance in which a fatigue 
failure of a shaft was initiated at a rough place on the surface 
of a drilled hole. The machinist had polished the shaft but 
forgot the hole, so the stress raising effect was added to thet 
of the hole itself. 

In 1938, Dolan 2 investigated the effects of fresh water 
corrosion upon the endurance strength of steel specimens con- 
taining holes or fillets, where the percentage reduction in 
endurance strength caused by the action of the water represents 
an equivalent corrosion stress concentration factor. 

A combination of fillet and groove was investigated by 


Mowbray [3] in 1953. <A search of the literature revealed no 


x Numbers enclosed in brackets refer to references on page 34. 





further information along these lines until the investigatim 


conducted by Guhse [4] an 1960. 

It was the intent of this investigation to determine the 
effect in reversed bending of superposing the discontinuity 
caused by a coarse machined surface upon that caused by a small 
radial hole. 

The tests described herein were conducted at the United 
States Naval Fostrraduate School, Monterey, California, during 
the period of December 1960 - May 1961 under the supervision of 
Professor Virgil M. Faires, with the aim of shedding more light 


upon the effect of superposed discontinuities. 
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2e DESCRIPTION OF THSTING MACHINE 

The machine used for the tests was a Krouse high-speed repeated- 
stress machine (Serial #580). It is of the mechanical, non-resonant 
constant load, single~end cantilever design, with a scale beam load- 
ing system for producing the desired stress level. (See Figure 1) 
The speed of the machine, controlled by positioning, a variable 
transformer, V, Figure 1, is continuously variable from O-12,000 
RPM. Since the menufecturer recommends speeds not in excess of 
10,000 RPM, all of the tests were conducted at a speed of 9500 RFM 
(+500 RPM). Minor variations in speed were caused by the normal 
voltage fluctuations. P 

In Figure 1 is shown the testing machine with one of the speci- 
mens gripped between the collets, C, The sliding weight, W, can be 
positioned along the scale, S, which is graduated in inch-pounds of 
moment produced at the minimum section of the specimene The weight- 
beam reading is read at the index, I, on the sliding weight. The 
scale is graduated from 0-140 inch-pounds, with 1 inch-pound per 
graduation. The sliding weight is locked in place at the desired 
position along the scale by means of the locking screw, Le The 
machine is equipped with a micro-switeh, MN, to stop it when e speci- 
men teils. The counver, N;, set at zero=at thn® beginning of each run, 
indicated the number of cycles endured by each specimen, 

An effort was made to start and increase the spced 01 the tsst- 
ing machine in a uniform manner, such thdt tne operating soced was 


reached at approximately the same time for each specimen. 








Figure l 





Because there was no practical accurate means of measuring 
amplitude of displacement of the specimens in the testing machine, 
the micro-switch was adjusted so that actual fracture of a specimen 


stopped the machine. 





Se TYPE OF MATERIAL AND SPECIMEN PREPARATION 

The material chosen for these tests was AISI 4340 steel, a 
widely used triple alloy steel with high hardenability. It is 
relatively free from temper brittleness and can be machined at 
relatively high hardness levels. The certified chemical compo- 
sition is: carbon, 0.395%; manganese, 0.73%; phosphorus, 
0.010%; sulfur, 0.017%; silicon, 0.31%; chromium, 0.75%; 
nickel, 1.65%; molybdenum, 0.23%. The grain size is 7. 
Certified to be from the same heat, the material was delivered 
in the annealed condition and consisted of eight rods of 7/16- 
ine diameter, 3 fte in length. 

It was decided to use a slightly modified type of specimen 
as recommended | for use with the Krouse machine (see Figure 2). 
The modification consisted of reducing the radius of curvature 
of the test section from 2 ine to 1,5 ine The recomnended mini- 
mum radius is six times the minimum diameter [6] in this case, 
6X Oee=1led ine The 1.5 ine radius of curvature meets this 
requirement. 

The specimens were cut 3+1/64 ine in length and numbered 
1 through 103. No effort was made to distinguish between rods 
or as to the location each specimen occupied in a rod, mainly 
because the standard 20Q-foot length had been cut without indenti- 
fying markings in order to facilitate shipment. Also, in a simi- 
lar investigation performed by Guhse 2] epee was no indication 
that the positions the specimens had occupied in the rods had 


any significance in the interpretation of his results. 
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The facilities of the Metallurgical Department of the Post- 
Graduate School were utilized to perform the heat treatment. Care 
was taken to avoid the effects of surface decarburization by: 

l. using cracked ammonia gas and natural gas in a controlled 

atmosphere furnace. 

ée having the specimens 0.030-0.040 in. in diameter over- 

size for the heat treatment. 

It was decided to heat treat to a nominal tensile strength 
of 200 ksi; accordingly, from Figure 3, the following procedure 
was used: 

1. 15 hours at 1530°R in the hardening furnace. 

2e rapid quench in oil to room temperature. 

3e 30 minutes at 860°F in the tempering furnace. 

4, alr cooled to room temperature in still air. 

Throughout the heat treating operations, every effort was 
made to use exactly the same procedure for each group of speci- 
MeNSe 

The specimens were placed in the hardening furnace ten at 
a time in sub-groups of five each which were fastened at the ends 
with machine screws to a piece of 3/4 ine angle iron With 1 inch 
between specimen centers, The purpose of this fixture was to 
facilitate handling of the specimens. 

In order to determine if the maximum as-quenched hardness had 
been obtained, tests were made on the surface and approximately 
0.010 in. below the surface. Failure to achieve this condition be- 


fore tempering can result in considerable loss of tensile strength [7], 
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Figure 3 





An average quenched hardness of 55-57 Rockwell © was obtained, 
which closely agrees with values in Figure 3. At the same time 
it was noted that the difference in hardness between the surface 
and 0.010 ine below the surface was no more than one point, and 
it seemed safe to conclude that the controlled atmosphere furnace 
was effective in avoiding surface decarburization. 

The average tempered hardness of all specimens was found to 
be 59¢7 R,, or a nominal hardness of 40. A hardness frequency 
distribution bar chart (Figure 4a) approximates the statistical 
"bell-shaped" curve. The standard deviation 6, was computed, and 
it was found that all but three specimens fell within 2@ limits, 
which is an indication that unassignable causes of variation were 
largely eliminated. 

The specimens were machined to final specifications in the 
four basic configurations as follows: (see Figure 5) 

Ae 25 specimens polished to a surface finish of 10 
micro-inches RMS at the reduced section. 

Be 25 specimens coarse machined to a surface finish 
of 500 micro-inches RMS at the reduced section. 

Ce 25 specimens identical to type A with the addition 
of a 0.025 in. diameter radial hole drilled through 
the minimum section. 

De 50 specimens identical to type B with the addition 
of a 0.025 ine diameter radial hole drilled through 


the minimum section. 
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Figure 4 a) Upper chart b) Lower chart 
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Considerable difficulty was encountered in drilling the holes 
because the hole is quite small, end the material is hard enough to 
be difficult to machine. It was decided to use a new drill for each 
specimen in an attempt to obtain holes as nearly uniform as possible. 
In some cases it was necessary to use more than one drill because of 
breakage or dulled cutting edgese 

The polishing operation was carried out in accordance with a 
procedure outlined in the Krouse Testing Machine Pee trie can Book iS] 
Although a high degree of polish was desirable, it was emphasized 
that it was equally as important to have the same finish on each 
piecee With the aid of a magnifying glass under a strong light, an 
inspection of the quality of the surface finish was made. If circun- 
ferential scratches or tool marks were detected, the specimen was 
further polished. Longitudinal scratches, or marks mainly caused 
by the polishing operation itself were observed on some specimens, 
but only pronounced ones were sent back for further polishing as it 
is thought [s] they do not serve to initiate fatigue cracks. 

It should be noted that the specimens shown in Figure 5 were 
not used as actual test specimens. They were rejects for one reason 
or another, and are intended only as a picture of the four basic 
configurations usede 

From Appendix A, it can be seen that there are two values of 
specimen hardness listed; one taken after final heat treatment 
and before final machining, and one taken after the final machining 
and before actual testing. Based upon averages for one hundred and 
five specimens, this difference amounts to 5 points Rockwell C 


(see Figure 4), 
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As noted previously, the specimens had been left 0.0350-0.040 in. 

in diameter oversize, and the final machining operations consist- 
ed of reducing the diameters by this amount, using two cuts at a 

moderately fast speed. 

The test procedure was carried out as planned, after which time 
additional hardness tests were performed. Representative samples 
of all 4 types plus 2 rejected specimens which had not been tested 
for fatigue properties, were tested for hardness at sections A-A 
and B-B (see Figure 2) across two mtually perpendicular diameters. 
The Rockwell C hardness of the core was found to be 39-40, but at 
the edges dropped off markedly to approximately that of the sur- 
face, with an average value of 35. 

As a final check, one of the specimens was prepared for a 
microscopic examination to see if there was any discernable 
difference in the micro-structure between the.core and the outer 
circumferencee The examination did not disclose any such difference, 
and it was.thought that the final machining operation must have 

ge Me “ 


imposed a surface annealing effect upon the specimens. 
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4. TEST PROCEDURE 

Test procedure A-2 as outlined by the American Society of 
Testing Materials' Committee E-9 on Fatigue 2} was the method 
followed in the determination of the fatigue data presented herein. 
This method consists of testing several groups of specimens at 
various stress levels. In order to estimate the variability of 
the data, it 1s recommended that at least 4 specimens constitute 
a groupe At least 5 stress levels should be investigated to 
determine the probability-stress-cycle curves. In accordance 
with these suggestions, it was the original intention to use 9 
specimens per group at 5 different stress levels for each cam- 
figuration. This was not strictly adhered to in all cases be- 
cause of specimens rejected due to faulty machining or other 
reasons given elsewhere. 

The results from testing type A specimens (See Figure 5) 
were used as the standard for comparison with the other three 
typese General information is available in the literature con- 
cerning reduction in strength caused by holes [20] ani surface 
finish Pm but it was considered necessary to evaluate these 
factors as accurately as possible for the material used, so as 
to be able to make a meaningful comparison with the final set of 
specimens in which the factors are combined. 

The Brinell hardness corresponding to 40 R, is approximate- 
ly 370, and within this range the tensile strength of steels is 
very closely one half times the Brinell hardness, or 185 ksi. No 


tensile tests were conducted to verify this figure. It was de- 
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sired to have the material as hard as possible and yet still 
retain useful machineability in order to increase the notch 
Sensitivity effect of the coarse machined surface in producing 
a relatively high equivalent stress concentration factor. This 
point is illustrated in Figure 6. 

For steel, with Brinell hardness less than 400, the endurance 
strength has been found to be approximately one half the tensile 
strength. Accordingly, when testing type A specimens, it was 
assumed that the endurance strength was in the vicinity of 85-95 ksi. 

The specimen diameters were measured using a thousandth-reading 
micrometer, with spherical anvils for the polished specimens and 
cone-shaped anvils for the coarse machined ones. They represent an 
average of two readings taken ninety degrees apart; the fourth 
decimal place has been estimated. 

Specimens were chosen for stress level eroups according to 
@iameter. Because of excessive variation in diemeters (the 
extremes were 4.8% smaller and 3.6% larger then the specified 
limits), it was not possible in all cases to have specimens in a 
group exactly the same (see Figure 7). An approximate bending 
moment for a” group was determined according to the stress level 
under consideration using the formula: 


,2- ee F I 


O2 
where M is in inch-pounds if d is in inches and S is in pounds per 
square inche Then, the nearest whole number bending moment was 
taken and the stress was computed for each specimen in the group. 


If, because of variation in diameter this resulted in an eppreciable 


departure from the desired stress level, the necessary bending 
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moment was recomputed for the individual specimen. The resulting 
variation in stress Was less than + 1% (except for the type A group 
at 120 ksi with a stress variation of 1.19%), which apparently 
had no ill effect upon the results. 

A total of 24 specimens of type A were tested to determine its 
probability-stress-cycle curves. In addition, the 6 specimens 
which had not failed after 5 million cycles were used again at the 
higher stress lewels of 110 ksivand 100 ksi to help fill in the 
curvee One specimen had previously been tested at each of these 
levels in an attempt to get the "feel" of the curve so as to make 
advantageous use of the available specimense The addition of three 
more specimens at these levels resulted in four points which, as 
stated previously, is the minimum recommended for each group. 

The decision to re-use the 6 specimens was based upon an investi- 
gation by Kommers Pe) xno noted that there appears to be very 
little effect upon the material structure at values of overstress 
less than 10% of the endurance strength (only 6% above in this case). 
Although he also noted that the effect of understressing was to 
increase the endurance strength, this effect is not very noticeable 
at 5 million cycles. 

Type B specimens were the next ones tested. From Figure 6, 
based upon a hardness of about 570 BHN, there is a reduction in the 
fatigue strength of 75%, which is equivalent to a stress concentra- 
tion factor of 1-37. This would put the endurance strength in the 
vicinity of 59 ksi.s The curve of Figure 6 marked "Mirror Folished" 


is the standard for comparison of machined surfaces and represents 
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no reduction in endurance strength. Even though the specimens 
used in this report were not mirror polished, it is felt that any 
resulting stress concentration due to the difference between the 
mirror polish and the 10 micro-inch RMS surface finish is small 
enough to be of little consequence. Twenty-four specimens of this 
configuration were tested. 

The third group tested was type C. The theoretical stress 
concentration factor for a ratio of hole diameter to minimum 
section diameter of the specimen of 0.125 was estimated to be 
2019 from Figure 8. (This Figure illustrates the procedure for a 
feo of 0.150). The notch sensitivity fecetor, a, fer qWenched 
and tempered alloy steel according to Peterson [19] is OC.i?G, ‘aaa 


using the formula: 
Kp=1+4q( - 1) Ta 


the actual stress concentration factor was cetermined to be 1.91. 
Based upon the results of the standard specimens, the emiurance 
strength of these should be in the vicinity of 40 ksi. A&A total of 
Only 19 specimems of this type ®erc tested, as 6 of them had to be 
fiscarded because drills had broken off inside the specimens before 
the drilling had been completed. 

The remaining and final group of specimems tested were type D. 
According to Guhse 4 the combined factor should be less than 
the product of the individual factors. At the very lowest the en- 
Gurance strength should be in the neighborhood of 25 ksi. Twenty- 
eight of these specimens were tester. 

The probability-stress-cycle curves shovm in Figure 9 were 


fitted using the method of least squares. The lower limit of ech 
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band is the 84% survival curve, with the upper limit the 16% sur- 
vival curve end the heavy center line the median or 50% survivel 
curve. The median is defined as the middlemost value of an odd- 
numbered group arranged in order of magnitude, and the average of 
the two middlemost values for an even-numbered groupe. These curves 
are all based upon a confidence level of 50% which is customarily 
used when presenting p-s-n data. As an example, refer to Figure 9, 
and for the type A at 100 ksi, the life for 84% survival is 92,000 
cycles. Now, if a statenent is mace that at least 84% of a group 
of specimens tested at a stress of 100 ksi would survive 92,000 
cylces, then, based upon a confidence level of 50%, it is expected 


that at least 50% of such statements would be incorrect. 
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5e RESULTS AND DISCUSSION 

Table A is a tabular summary of the results as obtained from 
the median curves of Figure 9, based upon the endurance strengths 
of the different types of specimens. Listed in column (1) are the 
endurance strengths. Column (2) represents stress concentration 
factors as determined from the literature (see discussion on pages 
19 and 21), while column (3) lists the stress concentration factors 
as determined fram this study, and are the ratios of the endurance 
strength of type A to the endurance strength of the other con- 
figurations. For tle sake of clarity in further discussions, the 
numerically smaller stress concentration factor in column (3) has 
been designated as K,, the larger as Ko, and the experimentally 


determined combined factor has been designsted as K',. 


TABLE A 
Specimen Endurance Stress Concentration Factors 
pe Strength from the this 
ye ksi _literature study 
(1) (2) (3) 
A 8207 a = Sey 
B O4¢5 1.57 1.52=Ky 
C 4202 legil 16967Ko 
D 348 2078 (b) 2658=K' 


(a) Capital letters refer to specimen type as shown in Figure 5. 
(b) This value was obtained by mltiplying together the individual 


stress concentration "The and represents a conservative 
and recommended value [llj). 
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The stress concentration for the coarse machined specimens 


was higher than had been predicted from Figure 6, and in fact, 
is even higher than the maximum value indicated on the chart of 
1e45. This is probably explained by the fact that Figure 6 is 
based upon an average machined surface which has a roughness of 
about 250 micro-inches RMS, rather than the 500 micro~inches 
RMS used in this study. 

There was close agreement between the predicted and 
experimental values of stress concentration factor for the 
polished specimen with the hole. Of all four configurations tested, 
this type had the least amount of scatter at the various stress 
levels, which could indicate that the effect of the hole was 
severe enough to mask some of the unaccounted-for variability. 

The general overall effect of the superposition of the two 
discontinuities suggests that except in the vicinity of the 
endurance limit, surface finish had little effect upon the 
strength of the specimen with the holee The fact that the graph 
indicates an increase in the strength of the coarse machined 
specimen with a hole over the polished specimen with a hole, 
within the stress range of 50-70 ksi, must be discounted and 
assigned to excessive variability and/or insufficient data. 

In the vicinity of the endurance limit, however, there definitely 
is an indication of the reduction in strength caused by the 
coarse surface finishe At a stress level of 39 ksi, two type C 
specimens had not failed after almost 6 million cycles, whereas 


ell six type D specimens which had also been tested at the 
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same stress level failed with a median life of 522,000 cycles. 
Four more specimens tested at 35 ksi failed with a median life 
of 584,000 cycles. 

Typical fracture patterns are illustrated in Figure 10. 
The polished specimens (A) give the appearance of having been 
pulled apart to a certain extent, ani were quite violent in 
nature compared to the other typese The jagged structure of 
the fracture can be seen from Figure 10, and also the fact that 
it occurred in a plane about 30-40 degrees from the horizontal. 

The machined specimens (B) illustrate the effect on the 
fracture of the circularly machined surface. They failed in a 
nearly horizontal plane and were not so rough as those of the 
standard specimens. It appears that once a fatigue crack had 
been initiated, it propagated itself along a circuler tool mark 
causing the fracture to take place in that plane. 

Fracture along the plane of the hole appeared to be the 
method followed by the wédlidara specimens with the hole (C). 
Refer to Figure 10; failure seems to have started at one end 
of the hole (1), progressed around the circwilfereac® to point (2), 
and then since the cross-sectional area had bcen effectively 
reduced, the specimen pulled itself apart causing the relatively 
uneven portion of the fracture (3). 

There is not much difference in the appearance of the 
fractures of the machined specimens with the hole (\)) snd with- 
out the hole (B), except that they were milder than all the 


other types and more uniform across the sectione 





If the individual stress concentration factors in column (3) 


of Table A are multiplied together, the result is Kj K2=2.98. 


The experimental combined factor is K'= 2.38, a reduction of 


201% from the product of the individual factors. This corre- 


sponds to 238% obtained from Guhse's [4] result for a similar 


combination. Using stress concentration factors as reported by 


Dolan [2] »s we find some confirmation of these valuese 


Table B is a compilation and comparison of the above results. 


A description of the contents of Table B is as follows; 


Column (1) - 


Cotumn (2) = 


Columm (3) - 


Column (4) - 


Column (5) - 


Column (6) - 


the numerically smaller of the two individual 
stress concentration factors obtained by test. 
the larger of the two individual stress 
concentration factors obtained by test. 

the difference between the two individual stress 
concentration factors as a fraction of the larger. 
the product of the individual factors obtained 
by test. 

the experimentally determined combined stress 
concentration factorse 

the percentage reduction of the experimental 
combined factor from the product of the indi- 


vidual factors, 


rif 
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TABLE B 


Ky Ko re 
(1) (2) 


Bridge 
(bending) 1.92M** | 1.96H 


Guhse 
(torsion) 1.31M 
(torsion) 1.31M 


Dolan 
(bending) 


(torsion) 


(bending ) 





* The numbers in this column refer to plotted points shown on 
the graph of Figure lle =: ~, 
x* The capital letters in columns (1) and (2) refer to the 
particular discontimiity, as follows: 
M- machined surface 
H= hole 


C- corrosion 
F- fillet 


An illustration of the results of Table B are shown in Figure 
ll, where column (3) vse column (6) of Table B has been plotted. 
This curve was originally constructed without point 6, which 


represents the combination of fillet and corrosion (all other 


ao 





points have a hole as one source of stress concentration). It is 
seen that points 1, 2, 3 and 4 very nearly lie on a straight line 
through the origin, and suggests that for certain conditions a 
linear relationship may in fact exist. At least one known experi- 
mental point [2] shows a negative correlation with the curve of 


Figure 11 and thus is not shovme 


00 
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EFFECT OF TWO STRESS RAISERS 
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This study, hole, machined, bending 
Guhse, hole,machined, torsion , 
Gunse, hole, machined, torsion 
Dolan, hole, corrosion, bending 
Dolan, hole, corrosion, torsion 
Dolan, fillet, corrosion, bending 
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6+ CONCLUSIONS 

Based upon the results of this investigation, the following 
conclusions may be drawn: 

a) The stress concentration factor for a polished specimen 
with a hole is verified to be approximately as predicted from 
Figure 8 and Equation II, page 19. 

b) The stress concentration factor for the coarse machined 
surface was found to be higher than had been anticipated from 
Figure 6 for reason given in Section 5 page 25. 

c) The stress concentration factor for the combination of 
the coarse machined surface and the hole was found to be less ~ 
than the product of the individual factors. 

d) A comparison of these data with those of other investi- 
gators (see Table B and Figure 11) suggests that a straight line 
relationship may exist between the product of the individual 
factors and the combined factor. 

It 1s recognized that conclusive proof of a general relation- 
ship between two stress raisers acting at a point has not been 
presented; there are so many variables involved. Figure 11 
represents only quenched a tempered steels of approximately 
the same strength. According to Dolan's 2 results, Figure 11 
does not hold for hot rolled steelse Also, from a study con- 
ducted by Mowbray [5] , it appears that this relationship does 
not hold where the smallest individual stress concentration 
factor is close to unity. Mowbray used a specimen with a fillet 


which resulted in a stress concentration factor of only 1.03.6 


Oe 





The smallest one represented in this paper is 1.31, reported by 
Guhse [4] for the case of a rough machined surfaces 

Further investigation should be carried out to determine 
the restraints which route accompany Figure 11, especially in 
the vicinity of points 4 and 6 of Figure 11] and higher. This is 
the area where the actual combined stress concentration factor 
Kt is some 50% below KyKp, this difference could prove to be 
valuable to designers, if a degree of reliability can be 


achievede 
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APPENDIX A, TABULAR DATA 


Subject 
I - Tabulation of Experimental Data 
Ae Polished specimens, no holes 
B. Machined specimens, no holes 
Ce Polished specimens, with holes 


D. Machined specimens, with holes 


II - Stress-Cycle Coordinates for Median Foints 


of Figure 9 2 


oO 


Page 
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I-A. 


Specimen 
NOe 


( 


(a) 


POLISHED SPECIMENS, NO HOLES 


ig, 


ae 
oL 
16 

il 
ie 


dt 

6 
inl 
24 


23 
) 
13 
4 


20 
nO 
Lo 
10 


lly 
aM 
4 
13 
6 


Diameter 
inches 


(2) 


2004 
1998 
e 2004 
e 2000 
01988 


02012 
01980 
02024 
©2016 


01937 
e 2006 
01981 
©2032 


2010 
e 2009 
2011 
e 2008 


01960 
01964 
el971 
01978 


2020 
2028 
e2015 
e2016 


02024 
02012 
02082 
01981 
e 1980 


Hardness 

Reo ey 

(3) (4) 
3700 39 29 
3700 4047 
4608 405 
4608 4248 
3 tie 40e1 
5508 99.49 
5604 390 
3469 3704 
3405 3808 
3607 3906 
35607 Mel 
3505 3705 
oonO 4305 
3602 39 09 
3508 3908 
3720 4lel 
3720 S0ie 5 
3604 40.26 
5 DiS 40 e3 
37%0 40 6 
3oe'7 409 
4509 3963 
Jfe'6 386 
26 6 40 el 
3465 3808 
3409 3704 
45e8 oueo 
4508 4365 
S15 SI ote 
3604 3920 


Stress 
ksi 


(5) 


118.9 
12020 
118.9 
11969 
121.8 


11020 
10948 
10963 
109 64 


9945 
Joe 
996 
995 


9440 
9462 
9509 
9409 


9026 
90e1 
89el 
89e5 


84.0 
B4e2 
84.26 
6845 


88.4 
8520 
80el 
7467 
6945 


Cycles to 
failure 


(6) 


4.55x104 
4671x104 
4273x104 
T.c Olmos 
6 66x104 


4.82x104 
4,92n104 
5263x104 
6205x104 


794x104 
1205x105 
1094x105 
4687x109 


1.96x10° 
1699x109 
26 22x10° 
3e88x100 


1.56x10° 
228x102 
4e06x10° 
5238x109 


1.94x10° 
1.94x10° 
4.90x10° 
50 22x105% 


8 e 21x1@ + 
6. 72x10 5x 
500x105 
8 e85x100x 
5e06x10 Ox 


Column (3) consists of hardness readings taken after final 
machining end before testing. 


after heat treatment and before final machining. 


Column (4) refers to hardness 


These specimens did not fail after being stressed 5 million 
cycles or morée 
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I-B. MACHINED SPECIMENS, NO HOLES 


oT 


Specimen Diameter Hardness Stress Cycles to 
No. inches __Re ksi failure 

(1) (2) (3) (4) (Sy; (6) 
32 02031 2007 5868 94,8 2676x104 
48 22030 32.9 40 el 95.0 3020x104 
27 2 2038 35e5 399 95.20 3268x104 
45 22032 3360 40 4 94.7 549x104 
29 ° 2009 3508 41.4 oe 7el7x10% 
34 22009 34.3 3961 yim 9.98x104 
49 2007 34.8 3962 719.4 1615x105 
50 2 2004 3508 39.8 Tana? 1632x109 
38 ©2010 3404 cy T1002 9.80x104 
40 #2012 3466 S804 TOO 1e28x10° 
39 «20.3 Zudngik? 3766 699 Le 42x105 
4] o 2044 34.9 38.8 6928 2938x105 
42 ©2018 34.4 3906 5905 2656x102 
43 °2016 3502 Sie? 59.7 3691x109 
35 22020 3402 38 e6 5963 4086x105 
47 °2019 3509 40.0 59.4 1617x106 
$7 © 2040 34,3 3609 5502 258x102 
30 02024 26.4 4) iO 5503 3.96x10° 
33 © 2025 3567 3828 5502 5205x102 
A6 22026 SBe2 4062 55el 8e72x10° 
44 ©2028 3403 3808 54.9 5 e07x105% 
26 01978 3504 3944 5267 76 52x106* 
ea 21906 34.5 2802 5020 5¢80x105% 


‘is £68 





I-Ce 


Specimen 
Noe 


POLISHED SPECIMENS, WITH HOLES 


(1) 


68 
04 
iat 
ero) 


73 
69 
of 
D2 


ol 
65 
74 
75 


67 


o9 
66 


62 
63 
70 


Diameter 
inches 


(2) 


@ 2004 
01982 
e 2008 
02014 


2010 
e 2008 
«2010 
2009 


020235 
02924 
02026 
02027 


e 2004 
e 2000 
©1998 
441992 


01989 
©2020 
e 2020 


Hardness 
Re 
(3) (4) 
54el 58 el 
3268 56a 
5000 5805 
S2e5 38 e8 
3469 3865 
Kiva) 5809 
3664 Soe0 
Sites 58ee 
5006 STD 
ye ll 5708 
Sea: 58e 5 
Slee 3864 
ome) 3906 
SS 3965 
5609 40.2 
SOmr 5963 
54e6 3704 
Zoel oer 
545 7 3804 


58 


Stress 


ksi 


(5) 


60.7 
6002 
60.4 
5968 


DDed 
See +) 
De & 
5508 


50.4 
006 4 
D062 
D0 el 


430 
4365 
4504 
4508 


ite + 
3905 
395 


Cycles to 
failure 


(6) 


56 45x10 4 
6.01x10 4 
6e14x10 4 
6.20x10 4 


7e72x10 * 
8e97x10 4 
9.57x10 4 


1.13x10 ° 
1614x10 

1.18x10 5 
1.26x10 © 


3e04x10 9 
3e75x10 0 
56 37X10 2 
6e88x10 © 


5e 10x10° * 
5689106 * 
5098x100 * 


Me a a) 210 





I-D.e MACHINED SPECIMENS, WITH HOLES 


Specimen 
Noo 


(1) 


OL 
87 
90 
93 


83 
oT 
TO 
81 


77 
78 
29 
94 


76 
104 
101 

eZ 


80 
100 
82 
89 
98 
95 


84 
86 
88 
895 


61 
105 


Diameter 
inches 


(2) 


02022 
ec024 
©2014 
« 2000 


2 2006 
e1960 
e2022 
01989 


e 2006 
«2007 
e 2010 
e 2008 


01994 
«1998 
el997 
el996 


«2019 
«2020 
«2020 
e 2008 
e 2020 
2021 


02025 
02072 
©2052 
020485 


01952 
©1996 


Hardness 
Rg 
(3) (4) 
5504 5809 
o4el 40.0 
b4e2 40.3 
5008 41.4 
500d 41.6 
4620 40.2 
250" 40.6 
56el 40 20 
Arad f 40.9 
55e5 Me7 
oceO 40 68 
5508 41.6 
5506 40.2 
j2eT 40.4 
O2e0 40.4 
Boece 41,4 
ome 7 40.9 
5465 4948 
Bera) 09 e9 
Sroree) 402 
j5e02 40e1 
j4e2 425 
O5ed 41.5 
OZel 3928 
5200 4025 
4508 413 
SNe S) b7e6 
j4e7 40.4 


og 


Stress 
ksi 


(5) 


6228 
6246 
6265 
624 


D000 
D004 
5504 
5506 


ole? 
5166 
Ole 4 
ole 


4500 
aye 
44.8 
44.8 


09 66 
39 e0 
099 
402 
099 
3965 


OOel 
O0ed 
0004 
5008 


joe9 
52 0 


Cycles to 
failure 


(6) 


4.09x10 4 
4.16x10 4 
4.66x10 4 
5e93x10 4 


6687x110 4 
9.80x10 4 
1 51x10 o 
2¢20x10 ° 


1.08x10 ° 
1.14x10 ° 
1.44x10 ° 
1649x110 5 


ote 79x10 5) 
3e29x10 9 
3~30x10 2 
5614x100 ° 


2495x10 © 
36 02x10 Y 
4.53x10 ° 
5.89x10 
1620x10 
1.42x10 © 


3.08x10 2 
a 56x10 
6ellx10 
6.25x10 ° 


5017x100 + 
5.09x10 * 





II = STRESS-CYCLE COORDINATES OF MEDIAN POINTS 


Type A 
Stress Endurance 
ksi cycles 
T1959 4673x104 
1096 528x104 
99.6 1250x109 
94.1 2e11x10° 
8968 3e17x10° 
84.5 4290x105 
Type B 
94,9 3668x10" 
FGu 1607x10° 
7020 le 235x109 
5965 4639x105 
55el 5005x109 


Stress 
ksi 


60.35 
5502 
50 ed 
4304 


6205 
5509 
o1.6 
44.8 
O97 
500d 


Type C 


Endurance 


cycles 


Type D 


6208x104 
8 0 235x104 
1.16x10° 
Le 56x109 


4.41x104 
125x109 
1629x105 
3e30x100 
522x109 
5084x105 





APPENDIX B, SAMPLE CALCULATIONS 


le 


oe 


Je 


4e 


Subject 


Determination of standard deviation for hardness 
distribution before final machining, as per Figure 4a. 


Method of least squares used to fit the curves of 
Figure 9. 


Determination of stress values. 


Determination of median cycle-to-failure values 


43 


44 


49 





x f £X x¢ 
36675 2 73050 135065625 
37925 4 149.00 138765625 
37675 7 264.25 1425.0625 
38.25 8 306200 1463.0625 
38675 15 581225 15015625 
39-25 7 274675 1540-5625 
39675 16 636600 1580.0625 
40 625 19 16475 162020625 
40675 7 285025 #O60% 5625 
41.25 7 288.75 170165625 
41.75 3 125625 174320625 
42625 0 0 178560625 
42.75 2 8550 1827-5625 
43425 1 43,25 187005625 
43675 1 43675 1914,0625 
4425 0 0 1958.0625 
44.75 0 0 20025625 
4525 x. 45425 204765625 

100 3966.50 


1. DETERMINATION OF STANDARD DEVIATION FOR FIGURE 4(a) 


2701 «1250 
5550 e 2500 
997524375 
11704. 5000 
2252304575 
1081925750 
29281-20000 
5078121875 
1162369875 
11910293875 
522941875 
e) 
065901250 
187025625 
191420625 
0 


0 
__ 2047.5625_ 


157587.6875 


X= Hardness at cell midpoint, R, 


f= Number of specimens in each cell 


X= X° = 157528769 


f£X 
2x = 5907 


= 2 
= 157808125 


v= | 2x2 =1.60 


29 = 3.20 
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2e METHOD OF LEAST SQUARES USED FOR FIGURE 9 * 


a 


4.51 17019 206340 176527 
4,85 6.57 234523 80.365 
7692 15,65 626726 126.324 
8.94 15.58 79.924 1396285 
10.09 eyes 101.808 153.166 
11.35 14.82 128.823. Mibexom 
47.66 95.29 417.144 744.874 
X= 7,943 ¥ =15,882 X° = 69.524 XY =124.146 


The equation of a straight line is of the form: 


Y=mX+e 
ee ; a 
where m2 = A nde = ee 
x2 - (X) x ~ (XK)? 


Using the above figures, the equation for the sloping 
portion of the curve representing the polished specimens in 
Pigure 9 is: 


Y= -0.31X + 18.36 


* The X and Y measurements were made upon a large scale chart. 





3e DETERMINATION OF STRESS VALUES (see discussion, pe 17) 


As an illustration, the values for type A specimens at 


a stress level of 90 ksi will be used (see Appendix Ay pe 36). 


a) 


b) 


d ) 


e) 


Using S=90,000psi, determine M, for d=0.1960 inches: 


= (021960)°(90,000) = 6665 ine-lb. 


Use M=67 ine-lbe, and compute the stress S, for 


each diameter: 
(32) (67) 


(TT) (0.1960)5 


= 90,608 psi 


Similarly, for the other three specimens: 
S= 90,061 psi (d= 0.1964 in.) 
S= 89,105 psi (d= 0.1971 in.) 
S= 88,200 psi (d=0.1978 ine) 
For the specimen with the diameter of 0.1978 inches, 
recompute the stress using M=68 ine-lbe, from which: 
S= 89,477 psi 
The total per cent variation is: 


90,608 = 89,105 


(100) =1-66% 
90,608 


The per cent variation about an average stress is: 


166 


= 0.88% 
; 7 


44 


= / | - |e 


: ee “pam 


—=-=z awe = a gee ag 
oye “ — « = «& e= 


_—_— —_ 





4, DETERMINATION OF MEDIAN NUMBER OF CYCLES 


As an example, we will consider the group of type A 


Specimens which were tested at a stress level of 90 ksie 


Specimen Number Cycles to Failure 
25 1656x102 
18 2028x107 
102 5e58x10 


2628x10° 4.06x10° 
2 


Median = = 3e17x10° cycles 
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